Propionate is an important intermediate product during the methane fermentation of organic matter, and its degradation is crucial for maintaining the performance of an anaerobic digester. In order to understand the effect of temperature on propionate degradation, an upflow anaerobic sludge blanket (UASB) reactor with synthetic wastewater containing propionate as a sole carbon source was introduced. Under the hydraulic retention time (HRT) of 10 h and influent propionate of 2,000 mg/l condition, propionate removal was above 94% at 30-35ºC, whereas propionate conversion was inhibited when temperature was suddenly decreased stepwise from 30ºC to 25ºC, to 20ºC, and then to 18ºC. After a long-term operation, the propionate removal at 25ºC resumed to the value at 30-35ºC, whereas that at 20ºC and 18ºC was still lower than the value at 35ºC by 8.1% and 20.7%, respectively. Microbial community composition analysis showed that Syntrophobacter and Pelotomaculum were the major propionate-oxidizing bacteria (POB), and most POB had not changed with temperature decrease in the UASB. However, two POB were enriched at 18ºC, indicating they were low temperature tolerant. Methanosaeta and Methanospirillum were the dominant methanogens in this UASB and remained constant during temperature decrease. Although the POB and methanogenic composition hardly changed with temperature decrease, the specific COD Pro removal rate of anaerobic sludge (SCRR) was reduced by 21.4%-46.4% compared with the control (35ºC) in this system.
Propionate is an important intermediate product during the methane fermentation of organic matter, and its degradation is crucial for maintaining the performance of an anaerobic digester. In order to understand the effect of temperature on propionate degradation, an upflow anaerobic sludge blanket (UASB) reactor with synthetic wastewater containing propionate as a sole carbon source was introduced. Under the hydraulic retention time (HRT) of 10 h and influent propionate of 2,000 mg/l condition, propionate removal was above 94% at 30-35ºC, whereas propionate conversion was inhibited when temperature was suddenly decreased stepwise from 30ºC to 25ºC, to 20ºC, and then to 18ºC. After a long-term operation, the propionate removal at 25ºC resumed to the value at 30-35ºC , whereas that at 20ºC and 18ºC was still lower than the value at 35ºC by 8.1% and 20.7%, respectively. Microbial community composition analysis showed that Syntrophobacter and Pelotomaculum were the major propionate-oxidizing bacteria (POB), and most POB had not changed with temperature decrease in the UASB. However, two POB were enriched at 18ºC, indicating they were low temperature tolerant. Methanosaeta and Methanospirillum were the dominant methanogens in this UASB and remained constant during temperature decrease. Although the POB and methanogenic composition hardly changed with temperature decrease, the specific COD Pro removal rate of anaerobic sludge (SCRR) was reduced by 21.4%-46.4% compared with the control (35ºC) in this system. Key words: Upflow anaerobic sludge blanket (UASB) reactor, temperature, propionate degradation, propionate-oxidizing bacteria, methanogens Anaerobic digestion technology is widely used all over the world to stabilize organic waste including high strength wastewater [21, 27, 28, 35] . However, its extensive application has still been hampered by the doubts on its operation and stability [23, 25] . It is reported that the major cause of the process failure and instability is associated with volatile fatty acids (VFAs) accumulation, mainly due to nondegradation of propionate [25] . The accumulation of propionate would inhibit the activity of acetogens and methanogens in an anaerobic digestion process [3, 11, 14] . Therefore, the conversion of propionate is the most influential factor for maintaining the stability of an anaerobic digestion system. However, the oxidation of propionate is energetically unfavorable, depending on syntrophy between propionate-oxidizing bacteria (POB) and hydrogenotrophic methanogenic archaea under methanogenic conditions [24, 35] .
The degradation of propionate is regarded as a ratelimiting step in the anaerobic degradation of organic matter, because this compound often was accumulated when some disturbances such as an increase in organic overload, an increase in hydraulic overload, the presence of toxin in the feed, and temperature fluctuation take place in anaerobic digesters [29, 32] . Among all these mentioned factors, temperature fluctuation seems to occur easily for ambient temperature anaerobic digesters in some regions with four distinct seasons. Temperature shift will undoubtly cause the anaerobic digestion process to be unstable with VFAs (especially propionate) accumulation. Furthermore, genomic information from Pelotomaculum thermopropionicum, a POB, suggested that the catabolic pathways are regulated by environmental conditions and/or global cellular situations such as reactor configuration or substrate type [18] .
However, there is limited information about the effect of temperature decrease on propionate degradation using propionate as a sole substrate in continuous flow conditions. Therefore, the propionate conversion and shift in relevant microorganisms were investigated at different temperatures in the current study for a better understanding of propionate oxidation response to temperature decrease and for further improving the efficiency and stability of the anaerobic digestion process.
MATERIALS AND METHODS

Bioreactor System
The study was performed in a lab-scale upflow anaerobic sludge blanket (UASB) reactor made of transparent plexiglass and an effective volume of 4 L with an internal diameter of 70 mm and a height of 700 mm. Four evenly distributed sampling ports were installed over the height of the column. On top of the reactor was a gas-liquid-solid separator with an internal diameter of 150 mm and a height of 120 mm. The feed was pumped to the reactor by a peristaltic pump. The reactor was wrapped by electrothermal wire and was maintained at a specific temperature by a temperature controller. The evolved biogas was collected separately from the upper part of the UASB and was led into a waterlock. All the waterlocks and wet gas meters were filled with water of pH 3 to prevent the biogas from dissolution.
Inoculum and Feed Stock
Granular sludge from the third compartment of an anaerobic baffled reactor (ABR), with four compartments treating molasses wastewater in our laboratory, was used as the inoculum [19] . The biomass (31.496 g/l as mixed liquid volatile suspended solid MLVSS) of 1 L was inoculated into UASB reactor.
A synthetic wastewater containing propionate as the sole carbon source was fed into a UASB reactor from startup. A basic medium was used to test the effect of temperature on propionate degradation and microbial community shift. The formula for the basic medium was as follows: Na 2 HPO 4 ·2H 2 O, 0.53 g/l; KH 2 PO 4 , 0.41 g/l; NH 4 Cl, 0.3 g/l; CaCl 2 ·2H 2 O, 0.11 g/l; MgCl 2 ·6H 2 O, 0.10 g/l; NaCl, 0.3 g/l; cysteine, 0.5 g/l; NaHCO 3 , 4 g/l; FeCl 2 ·2H 2 O, 4.5 mg/l; biotin, 4.0 µg/l; niacin, 40 µg/l; thiamine, 40 µg/l; riboflavin, 0.02 mg/l; cyanocobalamin, 0.02 mg/l; p-aminobenzoic acid, 0.02 mg/l; pantothenic acid, 0.02 mg/l; folic acid, 0.02 mg/l; lipoic acid, 0.04 mg/l; pyridoxine, 0.1 mg/l; H 3 BO 4 , 1 µM; ZnCl 2 , 0.5 µM; CuCl 2 , 0.1 µM; MnCl 2 , 0.5 µM; CoCl 2 , 0.5 µM; NiCl 2 , 0.1 µM; Na 2 SeO 3 , 0.1 µM; Na 2 WO 4 , 0.1 µM; and Na 2 MoO 4 , 0.1 µM.
Reactor Operation and Sampling
The pH of the reactor was remained at around 7.5±0.5 by adding NaHCO 3 , during the whole experimental period. At the initial 37-day start-up period, the reactor was maintained at 35±1 o C, the hydraulic retention time (HRT) was shortened to 10 h from 24 h, and propionate concentration in the influent was increased from 1,000 mg/l to 2,000 mg/l stepwise. When the performance of the reactor was stable, the temperature was then gradually decreased in four stages, to o C, and the HRT was maintained at 10 h. The temperature at each stage was not decreased until a stable propionate removal and methane production level was achieved.
Samples from the influent and effluent were taken and the pH and VFAs were assayed every day. The methane concentration was also measured every day. At each stable state, the bottom sample ports were used to collect samples for microbial community analysis.
Analysis
The biogas volume was measured daily by wet gas meters (LML-1; Changchun Filter Co., Ltd., Changchun, China). The fraction of CH 4 was measured with a gas chromatograph (SP-6800A; Shandong Lunan Instrument Factory, Zaozhuang, China) equipped with a thermal conductivity detector (TCD). A 2-m stainless iron column was packed with Porapak TDS-01 (60/80 mesh). Nitrogen was used as the carrier gas at a flow rate of 70 ml/min. The operating temperatures of the injection port, the oven, and the detector were 80 o C. The liquid samples from the influent and effluent were firstly centrifuged at 10,000 rpm for 5 min, followed by 6 M HCl acidification, and finally VFAs were assayed. The VFAs were also analyzed by gas chromatography (SP6890; Shandong Lunan Instrument Factory, Zaozhuang, China) equipped with a flame ionization detector and a 2 m stainless (5 mm inside diameter) column packed with Porapak GDX-103 (60/80 mesh). The operational temperatures of the injection port, the column, and the detector were 220
o C, and 220 o C, respectively. Nitrogen was used as carrier gas at a flow rate of 50 ml/min.
The pH and MLVSS were determined according to the procedures described in the standard methods [1] .
DNA Extraction, PCR, and DGGE Analysis
Genomic DNA was extracted using a DNA extraction kit (MO Bio Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. The universal primers used to perform polymerase chain reaction (PCR) were the following: for bacteria, 341F (5'-CCTACGGGAGG CAGCAG-3', with a GC clamp) and 907R (5'-CCGTCAATTCMT TTGAGTTT-3'); for archaea, 344F (5'-ACG GGGYGCAGCAGGCGCGA-3', with a GC clamp) and 915R (5'-GTGCTCCCCCGCCAATTCCT-3'). The PCR amplification was conducted in a 50 µl volume containing 5 µl of 10× Ex Taq buffer, 4 µl of dNTP mixture (2.5 mM), 1 µl of forward primer (20 µM) and 1 µl of reverse primer (20 µM), 2.5 ng of DNA template, and 0.15 U Ex Taq DNA polymerase (Takara, Dalian, China), using a thermal cycler (model 9700; ABI, Foster City, CA, USA), started with a predenaturation of DNA for 10 min at 94 The PCR products were separated using the DCode system (BioRad Laboratories, Hercules, CA, USA). Polyacrylamide gels with 40%-60% vertical denaturing gradient were prepared. The 15 µl PCR products at the same concentration were loaded and electrophoresed at 120 V and 60 o C for 10 h. Gels were stained silver as described previously [4] . Denaturing gradient gel electrophoresis (DGGE) bands were excised and dissolved in 30 µl of 1× TE at 40 o C for 3 h, and then centrifuged at 12,000 rpm for 3 min. The 3 µl supernatant was used as the template and PCR amplification conducted under the conditions as above described, using the same primers but no GC clamp. These PCR products were purified by a gel extraction mini kit (Watson Biotechnologies Inc., Shanghai, China), ligated into pMD18-T vector (Takara, Dalian, China), and then cloned into E. coli DH5α. Three white colonies from each sample were randomly selected for PCR detection, and two positive colonies were selected for sequencing by Sangon Biotech (Shanghai) Co., Ltd (Shanghai, China), and partial 16S rRNA gene sequences were analyzed using the BLAST program of the NCBI. In the present study, 24 partial 16S rRNA gene sequences were submitted to GenBank under the accession numbers JX100391 to JX100414.
RESULTS AND DISCUSSION
Effects of Temperature Decrease on the Propionate Degradation and Methane Production
Based on the startup performance, the UASB reactor was used to assess the effect of temperature decrease on propionate degradation. The impacts of temperature decrease on methane content and methane production were similar to propionate degradation (Fig. 2) . The temperature shock, from 35 o C to 30 o C, did not affect methane yield. On the contrary, Chae et al. [6] reported that the same temperature shock led to a decrease in the biogas production rate during anaerobic treatment of swine manure compared with the control (35 o C). It might be related to the composition of substrate and the biomass. From the second to fourth temperature shocks, the methane production rate decreased rapidly as well as the acetate, but no hydrogen was accumulated temporarily, indicating the activity of aceticlastic methanogens was easily inhibited by these temperature shocks (Fig. 3) . The methane production at [6, 30] . It might be related to the presence of the granular sludge, which was more resistant than flocculent sludge to environmental changes, in the UASB reactor. Fig. 1 . Propionate removal by UASB reactor during the whole experimental period. Fig. 3 . Acetate concentration in effluent of the UASB reactor during the whole experimental period. Fig. 2 . Methane production and methane content from the UASB reactor during the whole experimental period. 
C~20
o C) inhibited the metabolic ability of POB rather than that of methanogens, indicating a high methanogenic activity was possibly reached at low temperature after adaptation of a certain time. In other words, POB are more sensitive to low temperature than methanogens.
Microbial Community Composition and Phylogenetic Relationship
Bacteria. To investigate the bacterial composition in anaerobic sludge at each steady state, the PCR-DGGEbased partial 16S rRNA gene sequence was performed in this study (Fig. 4A) . Seventeen bands were obtained from DGGE gel and sequencing. The phylogenetic placement based on partial 16S rRNA gene sequences from these bands and reference 16S rRNA gene sequences from the NCBI database was constructed by the MEGA 3.1 software (Fig. 5) .
As shown in Fig. 5 , all of the obtained sequences were grouped into seven groups in the phylogenetic tree. 16S rRNA gene sequences of eight bands were related to some identified POB. The DGGE bands B5, B6, B8, B9, and B10 were affiliated with genus Syntrophobacter within phylum Proteobacteria, with 94%-99% sequence similarity to S. wolinii and S. sulfatireducens. They were isolated from an anaerobic municipal sewage digester and an UASB reactor treating brewery wastewater, respectively [5, 8] . S. sulfatireducens strain TB8106 has a temperature range of 20~48 o C for growth, but S. wolinii strain DB has not been detected. The bands B2, B3, and B17 had 89%~97% similarity with the genus Pelotomaculum, which belongs to low G+C content Gram-positive bacteria in the phylum Firmicutes (Fig. 5) . These bacteria are responsible for anaerobic propionate degradation and act as the main functional bacteria community in the syntrophic propionate degradation process [5, 8, 9, 15, 16] , suggesting that the populations associated with the genera Syntrophobacter and Pelotomaculum contributed to the removal of propionate in this UASB system. Some previous studies found that Smithella was one of the domain POB groups in mesophilic anaerobic digestion sludge, whereas Smithella could not be detected in this study [2, 25] . Similarly, a mesophilic completely stirred tank reactor (CSTR) containing propionate as a sole carbon source also found the genera Syntrophobacter and Pelotomaculum to be predominated in the bioreactor [32] .
Although propionate was used as the sole carbon source, some non-propionate-oxidizing bacteria were observed in this bioreactor. Band B12 was closely related to Spirochaetes bacterium SA-10, whose function has not been identified. Band B13 had a common node with Bellilinea caldifistulae and Longilinea arvoryzae, which were isolated from methanogenic propionate-degrading consortia [37] . Band B7 exhibited an above 97% similarity with uncultured Chloroflexi bacterium clones TK-SH18 and B6_121. Bands B7 and B13, and other reference 16S rRNA gene sequences were grouped into phylum Chloroflexi. The Chloroflexi represents an important bacterial group under the anaerobic condition and can utilize tryptone, pyruvate, glucose etc. [25, 31, 36, 37] . Bands B11 and B15 were related to uncultured candidate division OP8 and uncultured bacterium (99% sequence identity), separately. The function of these bacteria in the current study is unknown. Bands B1, B4, B14, and B16 with other 16S rRNA gene sequences formed a unique branch in the phylogenetic tree, which belonged to phylum Bacteroidetes. Band B1 and band B14 were similar to unknown function Bacteroidetes bacteria. Band B4 shows a 93% sequence similarity with Proteiniphilum acetatigenes strain TB107, which was isolated from a propionate-enrichment culture [7] . It can use yeast extract, peptone, pyruvate, glycine, and L-arginine as carbon sources [7] . The band B16 was matched with Petrimonas sulfuriphila strain BN3, a mesophilic fermentative bacterium isolated from a biodegraded oil reservoir in Canada, whose temperature range for growth was 15 o C~40 o C [13] . These non-propionateoxidizing bacteria might utilize the products of microbial disintegration or intermediates of propionate degradation as substrates for growth. Archaea. Propionate anaerobic oxidation depends on the syntrophy of POB and methanogens in methanogenic environments. Therefore, it is significant to know the methanogens succession in the UASB system with temperature decrease (Fig. 4B) . The excised DGGE bands were successfully sequenced and a similar search using the BLAST program in the NCBI database was performed.
All these sequences from the DGGE fingerprint of archaea were grouped into the phylum Euryarchaeota. Most bands (A1~A5, A6, and A7) were grouped into the order Methanosarcinales (Fig. 6) , showing 96~99% similarity with genus Methanosaeta, in which species are specialists in utilizing acetate, and they can use acetate at concentrations as low as 5-20 µM [22] . These organisms allowed the acetate concentration to always be less than 200 mg/l in effluent during the whole operational period (Fig. 3) . Similarly, a previous investigation elucidated that Methanosaeta species were the dominant aceticlastic methanogens in a variety of anaerobic reactors with low acetate concentrations [39] . Additionally, the presence of Methanosaeta species usually leads to an improved granulation process and results in a more stable bioreactor performance [10, 17, 33] .
The hydrogen partial pressure is an important parameter for defining process stability or upsets in an anaerobic digestion process. In particular, the maximal hydrogen partial pressure for propionate converted to acetic acid is 1×10 -4 atm [38] . Therefore, the activities of the hydrogenotrophic methanogens are also crucial for a stable and efficient process performance [10] . In this UASB system, only band A6 showed 100% sequence similarity with hydrogenotrophic methanogens in the order Methanomicrobiales, Methanospirillum hungatei, which can use H 2 /CO 2 and formate as substrate but cannot use acetate for growth [12] . Although the diversity of methanogens was low in this UASB reactor, they play an important role in syntrophic propionate degradation by eliminating the H 2 /CO 2 and acetate that were major intermediates during the propionate anaerobic oxidation (Figs. 2 and 3 ).
Microbial Community Shift with Temperature Decrease
Bacteria. The performance of an anaerobic digestion system is primarily linked to the structure of the microbial community present in the system. On the other hand, the operational parameters and environmental factors would affect the behavior, performance, and eventually the fate of the microbial community in anaerobic digesters [10] . It can be known from Figs. 4A and 5 that most POB relevant bands (B2, B5, B6, B8, B9, and B17) have not shown obvious succession with a decrease in temperature (Fig. 4A) . However, the signal of band B3 (Pelotomaculum) was enhanced with the temperature decrease from 25 o C to 18 o C, whereas band B10 (Syntrophobacter) appeared in the anaerobic sludge at 18 o C. It suggested that these two POB were low temperature tolerant. It is worth noting that microbial diversity was improved at 18 o C. Among these emerging microbes, band B4 (Proteiniphilum acetatigenes) can utilize pyruvate, which is an intermediate product during the propionate degradation [7, 20] . It can also accelerate the propionate degradation rate after adding to syntrophic propionate-degrading co-culture [7] . Therefore, the presence of this microorganism consortium is beneficial for improving propionate removal under low temperature condition (18 o C). Although band B7 was similar to uncultured Chloroflexi bacterium, most members in this phylum can Fig. 6 The phylogenetic relationship based on partial 16S rRNA gene sequences of archaea in this UASB reactor and reference16S rRNA gene sequences from the NCBI database.
The tree was constructed using the neighbor-joining method. The bar represents two substitutions per 100 nucleotides position. Bootstrap probabilities are indicated at branch nodes. , indicating a large number of microbes were dead that supplied substrate for the fermentation bacteria. Archaea. Methanogens containing hydrogenotrophic and aceticlastic methanogens were important for eliminating the products from propionate oxidation and then driving the propionate degradation process. The band pattern in the DGGE gel for archaea (Fig. 4B) showed that band A5 was unique for methanogenesis at 25 o C). These methanogens allowed H 2 to be undetectable and acetate in the effluent of the UASB system to be maintained at a low level (Fig. 2) .
Although the POB and methanogenic composition was hardly changed with temperature decrease (Fig. 4) , the specific COD Pro removal rate of anaerobic sludge (SCRR) and specific methane production rate of anaerobic sludge (SMPR) were reduced by 21.4%-46.4% and 21.5%-57.9% compared with the control (35ºC), separately ( Table 1) , indicating that this effect might be because of stiffening of the lipids of the membrane below the optimal temperature, leading to decreased efficiency of transport proteins embedded in the membrane [26] .
This work revealed that temperature decrease had an influence on the propionate removal and methanogenesis from the cleavage of acetate at below 30 o C, indicating the POB and acetotrophic methanogens are sensitive to temperature shock. After a long-term adaptation, however, the levels of propionate degradation and methane production were similar in the mesophilic temperature range 25
In addition, the methanogenesis at 18 o C~20 o C could be recovered after a long operation time, but the metabolism of POB still could not be recovered, suggesting the temperature requirement for POB was more severe than for methanogens.
A better understanding of the microbial community succession with temperature change in the UASB helps in improving the propionate removal and stability during the anaerobic digestion process. The results of the current study showed that most POB and methanogens in this UASB have not been influenced by decrease of temperature (18 o C~35 o C). However, two POB and a bacterium that can accelerate propionate oxidation were enriched at low temperature (18 o C), suggesting that low temperature acclimation of POB can improve the propionate conversion at low temperatures.
